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Disclaimer

This document was prepared as an account of wanksgped by the United States
Government. While this document is believed to aontorrect information, neither the
United States Government nor any agency thereofl he Regents of the University of
California, nor any of their employees, makes amayranty, express or implied, or
assumes any legal responsibility for the accurasspleteness, or usefulness of any
information, apparatus, product, or process digdpser represents that its use would not
infringe privately owned rights. Reference hereranhy specific commercial product,
process, or service by its trade name, trademaakufacturer, or otherwise, does not
necessarily constitute or imply its endorsemermpmemendation, or favoring by the
United States Government or any agency theredfherRegents of the University of
California. The views and opinions of authors espegl herein do not necessarily state or
reflect those of the United States Government graayency thereof, or The Regents of
the University of California.

Ernest Orlando L awrence Berkeley National Laboratory isan equal opportunity
employer.
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ABSTRACT

The prevailing residential ventilation standardNarth America, American Society
of Heating, Refrigerating and Air-Conditioning Engers (ASHRAE) Standard 62.2,
specifies volumetric airflow requirements as a tiorc of the overall size of the home
and the number of bedrooms, assumes a fixed, miramemunt of infiltration, and
requires mechanical ventilation to achieve the ieda. The standard allows for
infiltration credits and intermittent ventilationagperns that can be shown to provide
comparable performance.

Whole-house ventilation methods have a substaaffatct on time-varying indoor
pollutant concentrations. If alternatives specifigd Standard 62.2, such as intermittent
ventilation, are used, short-term pollutant conaidns could exceed acute health
standards even if chronic health standards are met.

The authors present a methodology for comparing RSH and non-ASHRAE-
specified ventilation scenarios on relative indgmllutant concentrations. We use
numerical modeling to compare the maximum time-aged concentrations for acute
exposure relevant (1-hour, 8-hour, 24-hour ) andrdl exposure relevant (1-year) time
periods for four different ventilation scenariossin climates with a range of normalized
leakage values. The results suggest that long-termoentrations are the most important
metric for assessing the effectiveness of wholeshouentilation systems in meeting
exposure standards and that, if chronic health xgostandards are met, acute standards
will also be met.
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INTRODUCTION

Indoor air quality affects occupant health (Jacebsal. 2007). Exposures in the
residential environment are important to the tatal pollutant exposure an individual
experiences, as demonstrated in numerous studtsa(ls et al. 2001; Weisel et al.
2005). As outdoor air pollutant concentrations dase and residential air exchange rates
are lowered with improved air tightness (Shermaah ldliatson 2002), the contribution of
indoor pollutant sources to overall exposure iseexgd to become increasingly more
significant. The California Air Resources Boardeweity published a report showing that
pollution risks indoors often exceed risks in th&dwmor environment (CARB 2005).
According to the American Lung Association (ALA ZD1a number of factors within
homes are increasingly recognized as threats fura¢sry health. Construction-defect
litigation and damage are also on the increaseeim houses; some of this increase is
related to indoor air quality problems such as toogs Appropriate residential
ventilation can address many of these indoor aatityuproblems.

Many hazardous pollutants have been measured in itldeor residential
environment. Several organizations both within theited States and abroad have
established exposure standards and guidelinesxfoosare to these pollutants. These
standards are often compared to pollutants coratémis outdoors, but have only
sparingly been compared to indoor concentrationsgéatify hazards and risks indoors.
The main organizations that publish standards amdefines are the World Health
Organization (WHO), the United States EnvironmeRtatection Agency (USEPA), and
the California EPA (CalEPA) (WHO 2005; EPA 2008; [IHA 2010). These groups
publish both chronic and acute standards thathemeght to represent "safe" levels. Acute
standards are set at levels that are thought teeptémmediate health effects for short-
term exposure. These standards are set for 1 8dwrs, or 24 hours. Chronic standards
are set at levels that are thought to prevent teng- health effects from a lifetime of
exposure. These standards are usually set foreagariod of 1 year to life, and the total
exposure is the time-averaged exposure over thevael time frame, meaning that
variability in concentration is ignored. Residehtiantilation standards focus, at most, on
chronic effects even though variations in conceiaina over shorter time periods due to
varying ventilation scenarios may exceed acutedstals.

The dominant standard for residential ventilatiistem design is the American
Society of Heating, Refrigerating and Air-Conditiog Engineers (ASHRAE) Standard
62.2-2010. Most implementations of Standard 62& amstant mechanical ventilation
and assume that infiltration is high enough to nieetstandard.

There are economic and energy-efficiency ration&esreducing total residential
mechanical ventilation and for designing and opegatentilation systems with variable
amounts of ventilation airflow (Concannon 2002; galk et al. 2005). Benefits of
reduced and variable mechanical ventilation incluelducing energy use during peak
load periods, avoiding the intake of outside aiirty high-pollution events, and reducing
the energy used to heat or cool inside air.

Standard 62.2 allows for the use of infiltratioedits and intermittent operation in
residential buildings to accommodate innovativetNaon systems and variable outdoor
conditions. However, these ventilation strategiesaase the magnitude of fluctuations in
indoor pollutant concentrations because they resulperiods of reduced and/or no
mechanical ventilation. Weather-induced changesinfiitration and the allowable
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variability in time-scheduled operation of mechahigentilation can both substantially
affect indoor pollutant concentrations. Thus, wivemtilation systems are designed to
maximize the benefits of infiltration credits anatarmittent operation, steps must be
taken to ensure that indoor air quality is not comnpsed. Designers and decision
makers need a method to determine how intermittentilation and varying infiltration
will impact indoor concentrations for both acutgpesure-relevant and chronic-exposure-
relevant time frames. ASHRAE does not directly addrthese issues.

Ventilation system design and the time-variabilibf infiltration (described
henceforth as “ventilation scenarios”) can affeetidor pollutant concentrations in
various ways. Whole-house ventilation aims to kagwor pollutant concentrations at
safe levels for long-term (i.e., chronic) exposure.

This study presents a methodology to quantify tifiece of ventilation scenario on
short-term concentration fluctuations for continsiguemitted indoor pollutants. This
paper does not assess whether the rates specifiedlSHRAE Standard 62.2 are
sufficient to control chronic exposures to contaanits of concern. Rather, our study
focuses on quantifying the magnitude of short-tdluctuations relative to long-term
average pollutant concentrations. The result of #malysis informs the relative level of
concern for acute versus chronic health effectscomtinuously emitted pollutants that
have exposure standards for both time frames. @rtecplar application is the question
of whether fluctuations could lead to exceedanceamfacute standard when chronic
standards are being met.

Our approach uses a physics-based model to tréttkaition, mechanical ventilation
and pollutant emissions to determine the time-vayypollutant concentration profile for
a representative single-family house placed thrasigtulation in various climate zones
and having varying air tightness levels (expresaednormalized leakage area). We
determine the ratio between the highest short-tesntentrations in each simulation to
the non-varying pollutant concentrations that refioim a reference simulation using a
continuous steady ventilation rate. The continueergtilation rate is set by the air flows
specified in Standard 62.2, including both mechanrentilation and an assumed steady
natural infiltration rate. We then compare thesgosato ratios of acute to chronic
pollutant concentrations from various health stansla

BACKGROUND

For most of the existing U.S. housing stock, vatith is provided by uncontrolled
infiltration combined with occupant use of windowsors, and bath and kitchen exhaust
fans. Sometimes this results in over-ventilatiord arorresponding excess energy
consumption or under-ventilation and poor indoarcaiality (Orme 2001). Residential
construction methods designed to produce energgierif buildings have created tight
building envelopes that can result in under-vetitita (Sherman and Dickerhoff 1994;
Sherman and Matson 2002). Thus, new homes oftethmeehanical ventilation systems
to meet ventilation standards.

ASHRAE Standard 62.2 has requirements for souregra@oventilation in kitchens
and baths, and for whole house ventilation. Theuired whole-house mechanical
ventilation rate is based on the assumption thidtration contributes 2 cubic feet per
minute (cfm) per 100 square feef)for 0.1 L §' m?. In addition to this infiltration, the
standard prescribes the whole-house mechanicalatent rate given by Equation 1:
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Q(cfm) = 0.0145100, (ft*) + 7.5(N + 1) (1a)
Q(L/s) = 0.05A5100r(m?) + 3.5(N + 1) (1b)

whereQ is the required ventilation rat8g.or is the house floor area, ahds the number
of bedrooms. The size of the house is a surrogatedilutants from materials intrinsic in
the building, and the number of bedrooms is a gate for home-occupancy dependent
activities and associated emissions. Standard &B@ allows for specific infiltration
credits and for intermittent operation of mechahicantilation systems with some
restrictions.

Standard 62.2 requires source control, includiregli@itchen and bath exhausts, but a
large part of the standard focuses on the requimesmier continual mechanical whole-
house ventilation. Standard 62.2's whole-house ikaioih requirement implicitly
assumes a constant, additive infiltration rate. Eloav, infiltration is highly variable and
dependent on the air-tightness of the building Epeeas well as on fluctuating driving
conditions such as wind and indoor-outdoor tempeeatlifferences. The metric for air-
tightness is Normalized Leakage (NL), defined byHRRAE Standard 119 (1988) as:

ELA 3

NL = 1000 FloorArea (Nstory) ! (2)
whereELA is the effective leakage ared\ is the number of stories in the home and
FloorArea is the floor area of the home. Normalized leakagedimensionless term that
represents the fraction of the home that is opeairftow normalized for the effects of
house size and heightlL typically ranges from 0.1 to 1.0; the former isegtionally
tight with very little infiltration, and the latteis very loose with excessive infiltration.
Chan et al. (2005) found that the median NL valu&l$ homes was 0.52 with the central
50% of homes having values that range from 0.3384.

McWilliams and Sherman (2005) reviewed ventilatistandards and studied the
impacts of intermittent mechanical ventilation amhtilation credits for infiltration. The
studies major finding was that ventilation is irasmgly becoming an important
component of a healthy dwelling and occupants ggiyethink ventilation is important,
even if their understanding of ventilation systas®w.

METHOD AND APPROACH

This study used numerical modeling to compare indoancentrations across a
variety of ventilation scenarios for a typical diexamily dwelling: a 2,000 ft(185 nf)
3-bedroom single-story detached house with 8 6 (@) ceilings. Time-dependent
outdoor air exchange rate for the house was caéaifar various mechanical ventilation
approaches, envelope leakages, and climates. Thet eff weather-driven temporal
variations on infiltration was examined by simutgtiplacement of the house in six U.S.
cities located in distinct climates: Long Beach Goenix AZ; Miami FL; Chicago IL;
Boston MA; and Bethel AK. These climates range framid (Long Beach CA) to
extreme (Chicago IL) and are the same cities stlojeSherman (2008).

Hourly pollutant concentrations were calculatedgss balance assuming a constant
whole-house emission rate with dilution and polateemoval varying with total outdoor
air exchange (ventilation). Pollutant concentragiovere examined over averaging times
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relevant to chronic (annual) and acute (1-hour,08rhand 24-hour) exposures and
health-based standards. All results were compacedhé pollutant concentrations
calculated for a reference case meeting all cohsteflow assumptions of ASHRAE

Standard 62.2.

Reference Case

The reference case to which we compare alternattlateon scenarios is the typical
house described above ventilated in compliance MBRIRAE Standard 62.2; the whole-
house mechanical ventilation is set to the valieeidied in the standard, and infiltration
is set to the level assumed in the standard. Trehamécal ventilation is assumed to be
constantly running, and infiltration is assumedbt constant, non-varying, and adding
linearly to the mechanical ventilation to give tbé&al air change rate. The Standard 62.2
reference case of adding a constant infiltrationtigoution is an idealized case, because
in reality infiltration varies hour by hour and oube year. We explore that issue further
below when we look at the default scenario.

Standard 62.2 specifies that local mechanical esthghall be installed to be operated
as needed by the occupant in each bathroom arukekitcThe standard specifies kitchen
range hood exhaust fan airflow of at least 100 ofna whole kitchen exhaust rate of 5
ach or more. Bathroom fans are specified at 50 @frmore. This ventilation is user
operated and is presumed to run to exhaust theriittent and local pollutants generated
by the activities in those rooms. Because we aceiding on pollutants with constant
emissions, we assume that local ventilation isus&d in either the reference case or in
the different scenarios. For the reference aaskis$ study, the total ventilation (i.e., the
combined air exchange rate from mechanical verdiiaand infiltration) is a constant
0.3375air changes per hour.

Modeling Indoor Concentrations

We simulated the combined hourly infiltration ané@ahanical ventilation using the
method described by Sherman (2008), which is basdtie ASHRAE (2009Handbook
of Fundamentals, a mass balance model approach. We treated tine kg a perfectly
well mixed space with a constant pollutant emissaie. The derivative form of a mass
balance of the home is:

dc
Vhouse & S —A*C *Vipouse (3)

whereC is the concentration in the home (mass/voluray the emission rate of the
pollutant (mass per unit time), is the air exchange rate (1/time), ahg.s is the volume
of the house. We assumed negligible outdoor coratgons of the pollutant of interest.
We wrote a script to determine the hourly pollateoncentration for each of the
climates and each of the ventilation scenarios. Wed a simple time-step modeling
approach to calculate indoor concentrations asnatifon of mechanical and natural
ventilation. Since the derivative form of the mémsdance equation is unstable for a 1
hour time step for many of the simulations we exgdio we used the integrated form of
the equation. In order to integrate Equation 3,assumed thah was steady over the
course of a given time step. The integral form gli&ion 3, assuming is constant, is:

S(1—exp(-At
C(0) = €, exp(~A¢) + X210 @
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This form of the equation can only be applied frome time step to another in our
scenarios and cannot be used continuously. Tloeatimed form of equation 4 is:

Ci = Cicy exp(—A;t) + 2P0 )
iV house

We compared solutions using the integrated antvatare versions of the mass
balance equation and found no difference in theutatled solution. A time steflT, of 1
hour was found to be small enough to keep the Emu&t calculations stable. For each
run, initially Ci-o was set to zero, and the first month of results ehasarded as spin-up
time after which a full year of simulations was qaeted. Spin-up time is the time it
takes the model to reach dynamic equilibrium an@liminate the effect of the initial
conditions on the solution.

Both infiltration and mechanical ventilation cahtrte to the air exchange ratg,
ASHARE Standard 136 (1993) gives a reference methiodombining mechanical
ventilation and natural infiltration:

A; = Apar; + \[Ainbal,i + Azznf,i (6)

Where Aua; is the air exchange rate at time steplue to balanced mechanical
ventilation alone,A,pa; IS the air exchange rate at time steplue to unbalanced
mechanical ventilation alone, aAgy; is the air exchange rate at time stelue to natural
infiltration alone. Balanced mechanical ventilatisses mechanical equipment to provide
both supply and exhaust air flow at equal ratesefVimechanical equipment is used to
provide only supply or exhaust airflow, airflowtime other direction through the building
envelope is induced through the resulting presdiiferential and the system is described
as unbalanced. Infiltration is natural ventilatidmat is driven by the indoor-outdoor
temperature difference and outdoor wind speed tir@anvelope leaks.

For the reference case, mechanical ventilation agasimed to be balanced. For the
remaining cases, the mechanical ventilation wasnasd to be unbalanced.

Infiltration is dependent on the air tightnesstioé building envelope. Tightness is
guantified usingNL, which is a non-dimensional value that represéimsarea of the
leaks and cracks in a home that allow for airflemrmalized by home size. There are
several methods of modeling air infiltration ratesmging from multi-zone indoor air
qguality models (Emmerich 2001) to simple numerigaddels based on building and
meteorological properties. For this work, the rielaship betweemL andA;; used was
described in detail by Sherman (2008) as:

Ainf,i = ki * NL * Si (7)

5= \/fsz « AT, + f2 * v? )

Here k (1.44 s htm?), fs (0.12 m & K™, andf, (0.132) are all constant$, is
dimensionless4T is the difference between the outdoor and indemperatures, andis
wind speed. The values fk&, fs, andf,, were taken from ASHRAE Standard 119 (1988).
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The combined infiltration and mechanical ventilatioate will vary diurnally and
seasonally. The outdoor temperature and wind Uglaolcta were taken from the Typical
Meteorological Year Version 3 (TMY3) Database (NREQO8). The TMY3 database
provides hourly wind and outdoor temperature dataa representative year for each
climate explored. The database is intended forimssmputer simulations of building
systems. An indoor temperature of 22 °C was usedlfof the simulations.

The analysis assumes a constant whole-house pull@mission rate that is
unaffected by air exchange rate or home conditibhs. analysis focuses on the relative
concentration, which is independent®#&nd allows us to assess the effect of ventilation
scenario on indoor concentrations for any constatdor source strength.

Description of Ventilation Scenarios

For all of the ventilation schemes we modeled, aewated indoor concentrations
based on combined mechanical ventilation and natofétration. The amount and
delivery method of mechanical ventilation variedoam scenarios and was specified in
each run of the model. Unlike in the reference c#s® amount of infiltration was not
specified in each scenario. Rather, the total laémge rate was calculated based on the
mechanical ventilation ratélL, and weather parameters for each climate usingtitms
6 and 7. Hourly concentrations were then calculaded any appropriate averages taken.
For each scenario, we calculated the time-varymapar pollutant concentration for the
reference house using weather data for each cityf@amL values ranging from 0.1 to 1.
The ventilation scenarios are:

Constant Default. The Constant Default scenario is what is curgentplemented in
most new homes. Mechanical ventilation is set t® walue specified by ASHRAE
Standard 62.2-2010, Equation 1 (or Table 1). Farsmoulations, the total ventilation
was calculated based on weather conditions an@dea#ts described above.

Constant with Infiltration Credit. Standard 62.2-2010 allows the required
mechanical ventilation rate to be reduced undetaercircumstances when the air
leakage has been measured. The Constant withrdtiih Credit scenario sets an
assumed constant infiltration airflow rate based Min and aw value provided in
ASHRAE Standard 136. The value is a representation of localized weatheditmms.
Based on this credit, the airflow rate of the deed) mechanical ventilation system can
be reduced by half of the calculated increase filtration above the assumed 62.2
infiltration of 2 ¢fm/100 sq. ft (from Section 43lof Standard 62.2) . For each climate
and each NL value, we reduced the mechanical atiotil flow rate based on this credit.

Constant Optimized. The Constant Optimized ventilation scenario lockis
optimizing the amount of constant mechanical vatith to reduce the total air exchange
rate to the lowest level possible while still actmg an annual average concentration that
is no higher than the reference case. This canidged as an alternative infiltration
credit approach that achieves the most efficienistant ventilation rate. Although
ASHRAE Standard 62.2 does not state a maximumivelahronic exposure, it sets the
minimum ventilation for acceptable air quality. i¥Ilscenario implicitly assumes that the
rate and assumptions specified in 62.2 would pevatceptable indoor air quality” as
intended.

We executed a set of simulations for each climateNL value in which we adjusted
the mechanical ventilation system across a widgeaf values from zero to a value high
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enough that concentrations were reduced to nearly. Zor each level of mechanical
ventilation, we calculated hourly indoor concentmas as described above and
determined the annual average concentration. FdrMia and climate, we identified the
lowest mechanical ventilation flow rate that resdlin an annual average concentration
that was the same or lower than the reference ddss.value was used to calculate
hourly concentrations for the representative year.

Intermittent Optimized. The Intermittent Optimized scenario looks at tffeat of
intermittent mechanical ventilation on indoor camications but is otherwise similar to
the Optimized Ventilation scenario. The ventilatisoenarios above assumed that
mechanical ventilation operated continuously. Séathd62.2, however, supports the use
of intermittent ventilation, i.e., shutting off thventilation system during a certain portion
of a day and increasing the ventilation during test of the day to provide the same
average indoor concentration as if the system rantimuously. The intermittent
ventilation equations in ASHRAE 62.2 are based bar®an (2004), using the concept
of relative dose. The general idea ofelative dose is that if the time-averaged
concentration over a given period is the same a®utid be for a constant concentration
over that same time period, then the chronic heeffbects for those two ventilation
scenarios may be considered equivalent.

Intermittent ventilation increases the range ofasmnrations occurring over shorter
averaging times because overall ventilation ratesraduced during periods without
mechanical ventilation. This in turn leads to highkort-term concentrations relative to
constant ventilation. The highest concentratiacioduring the longest periods without
mechanical ventilation. We selected the case irclwkihe mechanical ventilation is off
for 12 continuous hours and on for 12 continuousr§ioas might occur with night
ventilation or an economizer. As with the previseenario, the mechanical ventilation is
set to the minimum value to keep the annual avecageentration at the reference level
or below. This value was determined in the same wasyin the previous case, by
conducting simulations for a range of mechanicalilegion values and determining, for
each climate andlL, the minimum mechanical ventilation rate that hesbin a annual
average concentration as low as the reference case.

RESULTS

The Effect of Infiltration on Air Exchange Rate

Figure 1 presents the calculated daily-averageilagoh rate over one year for the
modeled house using climate data from Bethel AK bodg Beach CA. Results in the
left panel were calculated for a tight enveloNe<0.125) whereas the results in the right
panel are for a moderately leaky conditibiL£0.5). Also shown in each panel is the air
exchange rate for the reference case used in calysis) namely the home where
infiltration airflow is fixed and additive to mechiaal airflow as assumed in the Standard
62.2.

Figure 1 shows the effect of weather (as a drivorge) andNL on infiltration and
the resulting overall air exchange rate. WiNkr=0.125 both cities have daily averaged
air exchange rates lower than the reference casmdst days. A higheNL leads to
higher air exchange rates in both locations; WMitk0.5, the daily values are generally on
par with or higher than the reference case. Déilgtfiations are driven by local weather
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conditions; however, the overall annual averageceotration depends strongly oiL..
Bethel has a much less temperate climate than Baagh, resulting in more fluctuations
in concentration over the year. Infiltration is Iy in Bethel than in Long Beach because
of greater indoor-outdoor temperature differen@esNL increases, the magnitude of the
day-to-day fluctuations increases for both citiesr a constantly emitted pollutant,
variations in ventilation cause variations in indooncentration.

The Effect of Varying Infiltration on Relative Indo  or Concentration

Figures 2 through 5 present results for the siredlatentilation scenarios in relation
to the reference case. The scenarios all include-tiarying infiltration resulting from
time-varying weather conditions, and each ventitagcenario was simulated for a range
of leakages in each climate. All of the figures fmenatted in the same manner to allow
for easy comparison. In each subfigure, results presented for each city, with air
leakage (NL) values ranging from 0.1 to 1.0. Inadlthe figures, Subfigure A shows the
normalized annual average concentration, Subfigushows the normalized maximum
24-hour averaged concentration, Subfigure C shdwsnbrmalized maximum 8-hour
averaged concentration, and Subfigure D shows thenalized maximum 1-hour
concentration. The maximum concentration is defim@the highest concentration for the
stated averaging time over the 1-year simulatiam. all of the subfigures, the
concentrations are normalized by the same valderabe comparable concentrations in
the reference case. Because the ventilation istaainm the reference case, the indoor
concentration was constant, and the normalizingeshre all the same and equal to the
annual average concentration in the reference case.

Constant Mechanical Ventilation. Figure 2 shows the concentration ratios as a
function of air tightness for the Constant Defaukchanical ventilation scenario. With
more leakage, infiltration increases, and concéotra decrease for the analyzed
conditions relative to the 62.2 reference caseaizad constant mechanical and constant
infiltration). The peak ratios for each of the dna@and for each of the cities occurs at the
minimum NL value considered. For tight houses, infiltratiomflav is less, and
concentrations are higher than in the 62.2 refererase. For each climate, the annual
average concentration is reduced below the referstatue when infiltration airflow
exceeds the value assumed in Standard 62.2. Fbroase, we can identify the critical
value ofNL at which this occurs. For the locations examimethis analysis, the critical
NLs for annual average ventilation were in the ranf§e.23 to 0.4. However, the
maximum hourly concentrations for Miami, PhoenirndaChicago are higher than the
reference case fodL values up to 1.

Figure 2 shows, not surprisingly, that, for constaechanical ventilation, increasing
air leakage leads to lower indoor concentrationalsio shows that the damping effect of
increased air leakage is reduced for shorter awegagmes because infiltration varies
over the year; air leakage is less effective thagchmanical ventilation at reducing
concentration peaks.

Figure 3 displays simulation results for the Comnistaith Infiltration Credit scenario.
For lowNL values, there is no difference between the resufsgure 2 and the results in
Figure 3 because the air leakage is too low towalfor much of a reduction in
mechanical ventilation. Again, the annual averagacentration reaches a maximum
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value when there is no leakage. Misincreases, the maximum concentrations for 1-hour,
8-hour, and 24-hour averaging times increase anpiak is reached B values of 0.2

to 0.5. AsNL increases further, the mechanical ventilatioreduced in favor of natural
infiltration until a criticalNL value where mechanical ventilation reduces to.Zgedore

the critical value, air-leakage-induced ventilatias replacing constant mechanical
ventilation, and the short-term averages increasealse temporal variations in
infiltration lead to temporal variations in overa#ntilation rates. At leakage areas above
the criticalNL, mechanical ventilation is no longer required hg standard and thus not
included in the simulation. Beyond this point, legNLs lead to higher air exchange
rates that, even with variability, produce loweakshort-term concentrations.

Figure 4 displays the results for the Constant ®@iggd scenario, in which
mechanical ventilation is set at the minimum lemekded to achieve annual average
concentrations that are the same as the referease. Sub-panel A indicates that
consistent with the proposed mechanical ventilatgsmenario, the annual average
concentration is kept at the same level as ingference case until tidl value is large
enough to turn off mechanical ventilation altogetfige value of this criticalL varies
from climate to climate. As mechanical ventilatisnreduced with increasingL, short-
term maximum average concentrations increase. Atespoint in each climate, the
envelope becomes sufficiently leaky that no medanrentilation is required. At this
point, the maximum 1-hour, 8-hour, and 24-hour emti@tions reach a peak value. As
the house gets even leakier, the maximum short-tatibs decrease as does the annual
average concentration ratio. The maximum short-teorcentrations ranged from 1.9 to
2.7 compared to 1.8 to 2.4 for the Standard 6ZiRration credit.

Intermittent Mechanical Ventilation. Figure 5 shows results for the Intermittent
Optimized scenario in which mechanical ventilati®provided on a 12 hour on, 12 hour
off cycle. The mechanical ventilation was set &t tinimum level to achieve an annual
average concentration that was at least as low #eireference case. This scenario is
compliant with Standard 62.2 (i.e. mechanical Jatiin rates are higher or equal to the
value determined by equation 4.2 in section 4.8tahdard 62.2:

Qf = Qr/(f) (9)
where

Qf is the fan flow rateQr is the ventilation rate required by equation 1a,b,

£is the ventilation effectiveness and

f is the fractional on time of the system) at Nl values, 0.125-0.2 based on climate.
Since this is an optimized simulation,Mis increases beyond those levels, the
mechanical ventilation rate drops below the valuecgied by the standard.

There are two competing effects going on in thisec&ub-figures A and B are very
similar to their counterparts in Figure 4 becailmeaveraging times for those sub-figures
are long enough to encompass an entire 24-houilaten cycle. Variability in these
graphs is due to variability in infiltration alonkn Sub-figures C and D, the maximum
short-term concentrations are at the lowdktvalue, indicating the importance of the
ventilation cycle for determining the maximum tiraeeraged concentration over smaller
integrating periods. As thieL increases, the effect of intermittent ventilatmcomes a
less important contributor to indoor concentratiluctuations. Beyond the criticAlL at
which mechanical ventilation is no longer neededi¢bieve the same annual average
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concentration as in the reference case, there secand maximum because of the
influence of infiltration on concentrations. At IoML, the mechanical ventilation cycle is
the dominant contributor to concentration fluctaai. ASNL increases, the importance
of the mechanical ventilation cycle decreases, fuctuations in infiltration are the
dominant contributor to concentration fluctuatioAs.NL increases beyond that second
maximum, the graphs overlay exactly with Figure etduse the total air change rate
becomes completely dependent on infiltration.

DISCUSSION

The Effect of Ventilation Scenarios on Concentratio ns

Figure 2 shows the variability in pollutant concatibns that would result from
climate- and house-specific leakage variations urtle assumptions in the current
prescriptive path of ASHRAE Standard 62.2. Whilee tassumptions of constant
infiltration and balanced mechanical ventilatioe anrealistic, the calculated pollutant
concentrations associated with these assumptianghar appropriate reference against
which to compare pollutant concentrations resulfrogn other ventilation scenarios. The
analysis of the idealized 62.2 scenarios showsithgeneral, tighter homes have lower
infiltration and thus higher pollutant concentrasoover both shorter and longer
averaging times. As leakage increases, infiltratdnflow varies more over time, and
indoor pollutant concentrations will therefore vanore over shorter averaging times,
resulting in larger differences between the higlsbsirt-term concentrations and annual
average concentrations. The more infiltration casttime-varying air exchange rates,
the larger the spread between the annual averagshant-term average concentrations.

Annual average indoor concentrations will be higkiean the reference case for
homes with lowNL. The NLs required to achieve annual average concentrations
comparable to those of the reference case rangad@r2 for Bethel AK to 0.4 for Long
Beach CA. Sherman and Dickerhoff (1994) and Chaal.€2005) found that the median
NL of the existing housing stock for states whera dare available was higher than this
range. However, as noted previously, Chan et 80%2found that more than 25% of the
homes they studied hadl. values less than 0.4 and newer homes MNvsignificantly
lower than older housing stock. Thus, while mddephomes may well meet the intent
of Standard 62.2 with prescriptive ventilation sateewer, tighter homes may not.

Our analysis of mechanical ventilation systems meslunbalanced, exhaust only
ventilation. With an unbalanced system, additidaakage-driven airflow increases total
airflow and air change rate by quadrature, notduditaon, therefore it has a greater effect
at low natural infiltration and decreasing effetirdiltration increases. This means that
increased infiltration will have a greater effeat whole-home ventilation than when the
ventilation system is balanced. This differencansignificant for very tight and very
leaky houses, but at some point, tde becomes large enough in both balanced and
unbalanced systems that the annual average coatientrwill decrease below the
reference case value. To be more conservativenraoalysis we have presented only
the unbalanced case. The only impact of considetiie balanced case would be to
lower theNL at which the relative dose became equal to unity.

As Figure 2 shows, homes with weather-driven irdilon and constant mechanical
ventilation, as specified by Equation 1 with below that critical value, will have higher
pollutant concentrations than would be predictaddgithe assumed (constant) infiltration
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rate. Applying the infiltration credit (Figure 3)ffectively lowers the mechanical
ventilation requirement for anyL above that critical valde Above that critical value
the Figure 3 values are somewhat higher than Figwadues.

The Constant Optimized scenario achieves long-tedmor concentrations that are at
or below the reference case level. At IdNL values, when the minimum required
mechanical ventilation specified by Standard 62.provided, the total ventilation rate
will be insufficient to dilute the contaminants ether the Section 4.1.3 infiltration credit
is applied or not (compare Figures 2 and 3). Addimg credit at lowNL values will
increase indoor pollutant concentrations even mibrihie NL is higher than the critical
value where there is enough infiltration to redac@ual average concentrations to the
reference case level, then adding the infiltratmredit will reduce home thermal-
conditioning costs without compromising indoor @irality. Knowing theNL value for a
home could give an indication of whether applyirect®n 4.1.3 would lead to under-
ventilation or over-ventilation.

Potential Health Concerns from Indoor Concentration S

Table 1 presents the maximum indoor pollutant cotreéion ratios for various
averaging times; these values are the highest ntnatiens calculated over the stated
averaging time divided by the non-varying concdidracalculated for the reference
case. These ratios represent the degree to whattelhm concentrations in the various
ventilation scenarios deviate from the long-termn{gal average) concentrations for the
reference case. The ratios in Table 1 can be useddess the degree to which acute
health standards are of concern in relation torgbriealth standards.

While this analysis was done for the idealized a#s® constant indoor emission rate
and negligible outdoor concentration, the resules more generally relevant to any
pollutant with continuous indoor source(s) and ootdconcentrations that are much
lower than indoor levels. The analysis does notessarily apply to pollutants with
intermittent or episodic emissions or pollutantstforedominately enter the indoor space
via infiltration.

There is substantial uncertainty regarding whettiex whole-house ventilation
assumptions in Standard 62.2 leads to concentgtioat are below relevant chronic
health standards for all indoor pollutants. In tigatar, it has been shown that
formaldehyde concentrations can exceed chronicdatds in new homes meeting
ASHRAE 62.2 (Offermann 2009).

It is important to note that our focus is on dem@aisg a methodology for
understanding the effect of ventilation approachtloan relationship between short-term
peaks and annual average concentrations. We useapproach to investigate whether
ventilation approaches that achieve chronic hestitimdards are also adequate to meet
acute health standards. Specifically, we use thelteeof this analysis to explore three
important questions. 1) If the ASHRAE referencesecaneets the chronic exposure
standard for some identified contaminant of conceta the ventilation scenarios
explored here meet both chronic and acute healtidatds for that same contaminant? 2)

! There is some ambiguity around this critical N82.2 calculates it using ASHRAE

Standard 136, while we simulate it more exactly.
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If a given ventilation scenario meets a chroniclthestandard for some contaminant can
we safely assume that an acute standard for the santaminant will be met as well?

To answer the questions indicated above, we must &stablish what are the
maximum acceptable ratios of short-term to longateéndoor concentrations when
chronic standards are met. For simplicity, thed®s will be referred to in the rest of the
text as the acute-to-chronic standards ratios (ACSRVe do this by dividing the most
conservative acute standards for 3 different timenés (1-h, 8-h, and 24-h) by the most
conservative chronic standard for lifetime expodorepollutants identified as hazards in
the indoor residential environment. We then comptére ACSRs to the maximum
concentration ratios calculated for each of thdilaion scenarios (Table 1).

Logue et al. (2010) identified 23 pollutahtbat are chronic hazards in US homes.
Table 2 lists the most health-protective chronid acute standard and guidelines put
forth by each institution (WHO 2005; EPA 2008; OEAMH010). For a detailed
descriptions of how these levels were developed couben, see Logue et al. (2010).
While some of these pollutants have substantiaven primarily intermittent or outdoor
sources, we include them all here to provide aelampol of acute to chronic ratios
against which to evaluate the approach we have dstnated.

Considering the idealized case in which Standar@ é®st efficiently achieves the
objective of providing acceptable indoor air qualithe reference case will have an
annual average concentration equal to the comigptthronic health standard(s). For each
ventilation scenario, an annual average conceotratitio of 1.0 in our calculations
indicates acceptable indoor air quality with reg@rdhronic health standards.

The first two ventilation scenarios (Constant Défand Constant with Infiltration
Credit) result in long-term concentration ratiogaer than unity for lovNL values,
indicating potential chronic exposure concerndifgitter homes.

For all of the ventilation scenarios, maximum rataf short-term to annual average
concentrations for 1-hour and 8-hour time frames \aell below the ACSR values,
independent of whether annual average concentgeaggoeed unity. The maximum 24-
hour concentrations are closer to this limit thathie case for the other acute time frames
but are still lower than the ASCRs. This indicatkat weather-induced variability in
infiltration does not lead to excessive peak cotregions for constantly emitting
pollutants with negligible outdoor concentrationghese ventilation scenarios as long as
the ventilation scenario meets the chronic healidindards. This holds true for
intermittent ventilation. However, if chronic stamds are not met, intermittent
ventilation could lead to concentrations above esténdards.

For ventilation scenarios that result in long-teconcentrations at or below the
chronic standards, we can assume that acute exgsodor continuously emitting
contaminants with negligible outdoor sources wik hhave to be addressed separately
from the chronic exposures as long as the scehkagps the maximum concentrations
below the following levels: the 1-hour indoor contration at less than 4.7 times the
reference case, the maximum 8-hour average athasss.4 times the reference case, and
the maximum 24-hour concentration average at less below 2.5 times the reference
case. This is the case for the scenarios pretéete.

? Logue et al further reduced this list to 9 keytapminant that are present more broadly,

but for this study we use the larger list of 23.
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SUMMARY, CONCLUSIONS, AND RECOMMENDATION

We developed and demonstrated an approach to dbgesHects of air leakage and
intermittent ventilation on the ratio of peak shmm to time-averaged pollutant
concentrations for various ventilation strategi® applied this approach to assess ratios
of the highest short-term indoor concentrationse(aged over 1-hour, 8-hour, and 24-
hour periods) to annual average exposures for fentilation scenarios: Default
(constant ventilation as specified in ASHRAE 62.®filtration Credit, Constant
Optimized, and Intermittent Optimized. The refemnscenario was the (physically
unrealistic) condition of constant infiltration thow, as assumed in ASHRAE 62.2. The
other scenarios examine potential alternative apptins of Standard 62.2.

Infiltration and intermittent ventilation can in@®e maximum, short-term indoor
pollutant concentrations relative to constant Vatitin; however, we find that if the
ventilation scenario meets long-term chronic stagla the maximum short-term
concentrations are below acute standards.

Our results indicate that chronic exposure is thlestnmelevant metric for assessing
indoor air quality of different whole-house ventitgn scenarios for constantly emitting
pollutants with negligible outdoor concentratioiisvo of the scenarios presented here
had annual average concentrations higher thanefeeence case; however, none had
concentrations that exceed acute-to-chronic stasdatios.

Ventilation scenarios that incorporate air leakagepart of the design can provide
equivalent indoor air quality. That is, it is pddsito provide adequate indoor air quality
without any mechanical ventilation at hifjf. values. The energy efficiency and cost
effectiveness of such a strategy may not makesitalale to do so, but that issue was not
investigated.

Providing sufficient ventilation to keep chronic noentrations of continuously
emitted pollutants at safe levels should be thed gbahole-house ventilation. Although
research is needed to determine whether applicafi®andard 62.2 in fact keeps indoor
concentrations below chronic exposure standards,esults show that, when the chronic
levelsare met, the concept of relative dose (i.e., averammial relative exposure) can be
a guiding principle for ensuring that residentiahtilation standards meet acute exposure
standards.
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TABLES

Table 1. Maximum concentration ratio of indoor concentrafi for different averaging
times compared to the reference case for eachlasoni scenario.

Maximum Concentration Ratio
Ventilation Scenario Annual | 24 hour | 8 hour | 1hour
Constant-Default 1.7 1.8 1.8 1.8
Constant with Infiltration Credi 1.7 1.8 2.2 2.3
Constant Optimized 1.0 2.1 2.6 2.8
Intermittent Optimized 1.0 2.1 2.6 3.4
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Table 2. Concentration standards and guidelines for penlist that present hazards in the

indoor residential environment.

Table 2. Concentration Standards and Guidelines (ug/m  °)*
COMPOUND Chronic 24 Hr 8 Hr 1Hr
Acetaldehyde* 3.7 300 470
Acrolein* 0.02 0.7 2.5
Acrylonitrile 0.03
Benzene* 0.34 1300
Benzyl chloride 0.2 5174 240
Butadiene, 1,3-* 0.06
Cadmium 0.0024
Carbon tetrachloride 0.24 1900
Chloroform 1.98 150
Chromium 6.7E-5
Dichlorobenzene, 1,4-* 0.91 45000
Dichloropropane,1,2- 4 350000
Ethanol 1900000
Ethylbenzene 4
Formaldehyde* 1.67 9 55
Hexachlorobutadiene 0.45
Methylene chloride 10 14000
Naphthalene* 0.29 50000
NO2* 40 189
PM2.5* 10 25
Tetrachloroethane, 1,1,2,2- 0.17 35000
Tetrachlorothene 1.69 20000
Vinyl chloride 0.13 1800000
L owest Acuteto Chronic Ratio [-] 25 54 4.7

a micrograms per square meter * Compounddtifieeh by Logue et al (2010) as key contaminants
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Figure 1. Daily averaged air exchange rates for Long Bé&aghand Bethel AK
compared to the reference case for normalized ¢gaidl ) values of 0.125 and 0.5. The

NL value has a large effect on the average air exggheate values, but the high
infiltration and low infiltration days are functisrof weather only.

M.H. Sherman, J.M. Logue, B.C. Singbfiltration Effects on Residential Pollutant Concentrations for 20
Continuous and Intermittent Mechanical Ventilation Approaches - LBNL Report Number 3978-E



M.H. Sherman, J.M. Logue, B.C. Singbfiltration Effects on Residential Pollutant Concentrations for
Continuous and Intermittent Mechanical Ventilation Approaches - LBNL Report Number 3978-E

Long_Beach, CA —— Phoenix,AZ
Miami,FL —v— Chicago,IL
Boston,MA —¢ Bethel AK
g 35 35 :
B 4 A) Annual Average Conc. 30 B) Maximum 24hr Conc
QQ 25
_5 . 25
®
= 20 2.0
[7]
1.5 TR
o ..
g 10 1 e Z"’f_":"':
£ ; :
3 0.5 Mttt o
=
0.0
0.2 04 0.6 0.8 1.0
8 3.5
B . C) Maximum 8hr Conc 20 D) Maximum 1hr Conc.
2 . -
OQ
= 25 25
S
g 20 2.0
c
8 1.5 1.5
< - v - e
8 MM i i =T
£ 1.0 Moy 3 1.0 P %
E MM‘ P08 00 40400
X 05 0.5
=
0.0 0.0
0.2 04 0.6 0.8 1.0 0.2 04 0.6 0.8 1.0
Normalized Leakage (NL) Normalized Leakage (NL)

Figure 2. Results for Constant Default scenario; mechamneatilation reduced for
conditions of higher normalized leakage (NL) asw#d by ASHRAE 62.2-2010.
Displayed in each panel are the highest conceatrafor the stated averaging time and
NL, divided by the non-varying concentrations thatldaesult if infiltration airflow

were constant and at the rate assumed in 62.2oM)alized annual average
concentration B) normalized maximum 24-hour ave@ag&entration, C) normalized
maximum 8-hour averaged concentration, and D) nliwedhmaximum 1-hour
concentration modeled for a 2,008 #-bedroom home meeting the ASHRAE Standard
62.2-2010 mechanical ventilation requirement.
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Figure 3. Results for Constant with Infiltration Credit segio; mechanical ventilation
reduced for conditions of higher normalized leak@él) as allowed by ASHRAE 62.2-
2010. Displayed in each panel are the highest carateons for the stated averaging time
andNL, divided by the non-varying concentrations thatildaesult if infiltration airflow
were constant and at the rate assumed in 62.2eSef®r additional details
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Figure 4. Results for Constant Optimized scenario; meclaneentilation seto the

lowest level possible while still achieving an aahaverage concentration that is at least
as low as that of the reference case set by ASHERAE-2010. Displayed in each panel

are the highest concentrations for the stated giregdime and normalized leakage,
divided by the non-varying concentrations that wiagsult if infiltration airflow were
constant and at the rate assumed in 62.2. Setteadditional details.
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Figure5. Results for Intermittent Optimized scenario; naeuhal ventilation operated on
cycle of 12 h off, 12 h on with rate detthe lowest level possible while still achieviaug
annual average concentration that is at leastvasothat of the reference case set by
ASHRAE 62.2-2010. Displayed in each panel are thhdst concentrations for the

stated averaging time and normalized leakage, elivity/ the non-varying concentrations
that would result if infiltration airflow were cotent and at the rate assumed in 62.2. See
text for additional details
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